The design and performance of an instrument for the imaging of coincidence annihilation gamma rays emitted from the end point of the trajectories of radioactive high-energy heavy ions is described. The positron-emitting heavy ions are the result of nuclear fragmentation of accelerated heavy ions used in cancer theraphy or diagnostic medicine. The instrument constructed is capable of locating the ion beam trajectory end point within 1 mm for an injected activity of 200 nanoCi in a measurement time of 1 sec. in some favorable conditions. Limited imaging in three dimensions is also demonstrated.
Introduction
Charged particles with atomic numbers as high as 26 (Iron) are now being accelerated in a compound accelerator called the Bevalac at the Lawrence Berkeley Laboratory (LBL).1 The energies of these particles can be varied to a maximum value of 3 to 4 geV/nucleon. Because of their favorable depth-dose characteristics and increased biological efficiency, these particles will be used in radiation therapy.2 In view of this therapeutic goal, many studies are now being directed at the understanding of the biological effects of these heavy charged particles at the cellular and molecular levels.
In addition to therapy, heavy ions are expected to find many useful applications in diagnostic procedures. Already, these particles have been used in radiography for localizing tumors. The results are far better than can be achieved with x-rays.3
Although direct acceleration of radioactive particles is not possible in the Bevalac, a steady flux of radioactive beams has been produced through the phenomenon of autoactivation (a physical process in which the projectile particles undergo nuclear fragmentation when they collide with target nuclei).
The cross section for the process of autoactivation is large enough to produce such beams with adequate intensities. With the help of proper detection devices, these radioactive particles should allow the development of important new diagnostic procedures hitherto impossible.
At present, we are mostly interested in those fragments that decay by positron emission. These fragments are obtained by the loss of a new nucleons so that they are still heavy enough to exhibit precise range-energy relationships. Thus, when the beam is directed to a precise location in the body, the initial effect will be the highly localized injection of a positron-emitting isotope at the end of the particle tracks. The annihilation of the positron generates two detectable 511 keV gamma rays at nearly 1800 and in time coincidence. The utilization of this localized initial distribution of positron emitters is of interest both in therapy, as a means to obtain direct information on the location of the region of high cell damage, and in studies related to physiology and nuclear medicine.
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Much of the success of the newly proposed usefulness of radioactive beams will depend on the availability of a proper detection device. The purpose of this paper is to describe the design and performance of the first version of a Positron Emitter Beam Analyzer (PEBA) which has been constructed at LBL for the imaging of isotope distributions of very small intensity.
Design Constraints
In terms of radiation dose, the injection of a certain amount of activity into a human being by a beam of energetic ions differs considerably from conventional injection into the bloodstream, which does not, in itself, involve any radiation dose. In the case of an ion beam, slowing down of the ions in tissue until they come to rest at the injection point involves a radiation dose that is concentrated principally at the end of the particle tracks. The injection of 0.15 uiCi of ol5, for example, results in an approximate dose of 1 rad, which could be considered to be the maximum dose for clinical studies.
There are approximately 5,500 y-pairs emitted per second initially as a result of such an injection.
Although the injection dose appears to be a handicap in the successful use of the beam injection technique, activity can be injected by this method into areas of the body where blood flow cannot be studied successfully by other methods, as in certain regions of the brain.
One requirement of the imaging instrument that is immediately apparent from the small amounts of activity that can be injected safely is high sensitivity. This requirement can best be met by the use of large crystals of NaI(Tl). Bismuth germanate has not been considered for the first instrument because its low energy resolution would prevent us from studying effectively the need for scatter rejection in our specific application, and because of its high cost. Essentially, the theory shows that a detector configuration and a series of "system points" whose activity is to be determined are characterized by a real, positive, square symmetric matrix A'. The solution %, the vector of unknown activities at the system points, is then given as C.N. =Xmax/Amin (2) A large Condition Number is not desirable. One successful configuration that would meet the design objective (i) was found and is shown in Fig. 2 . The left-to-right axis is the ion-beam axis (x coordinate in Fig. 1 Fig. 2 by circles. Figure 3 shows the Condition Number of the matrices generated in this arrangement as a function of Ax, the interpoint distance. Only the central 5 cm of the axis are being sampled in this study. The fast rise in Xmax/Amin for Ax <0.7 cm is, undoubtedly, due to coupling of contiguous points caused by the large dimensions of the crystals.
Imaging simulations with different sets of system points and matrices were carried out it was determined that the first design objective could be met amply if the Condition Number was no higher than 10 to 15 for the configuration used. The Nyquist interpolation scheme described in the companion theoretical paper was used to evaluate positional accuracy.
Simulations in three dimensions were also carried out and, as expected, the very small number of projections imposed, severe limitations on imaging ability. We shall return to this point below.
General Design Considerations
The physical layout of PEBA, which was intended primarily as a test bed for physics and instrumentation ideas and for experiments with small animals is shown in Fig. 4 I, A~ becomes a column of the system matrix. A three-dimensional source positioner controlled by the PEBA microprocessor has been built for that purpose. Thus, the image reconstruction process uses different matrices A' for different distances between detector planes and/ or different sets of system points.
Detector Module and Main Unit Design
A block diagram illustrating the main function of the main unit is shown in Fig. 5 . This diagram for the "A" bank of detectors is mirrored by a similar block diagram for the "B" bank of detectors. The digital and analog signals (DS and AS) are processed in the two respective cards, with the digital card controlling the flow of information in the analog card.
Also, the photomultiplier tube (PMT) address is formed on the digital card as a 5-bit word. The analog signal is converted by an 8-bit analog-to-digital converter (ADC) contained on the analog card. The digital information is then combined into one 13-bit word in the control card and sent to the microprocessor (1iP). 2) The generation of system matrices for a specific geometry is done under computer control by taking a point source (22Na) embedded in plastic and physically placing it at the system points in succession. After counting a prescribed length of time, the resulting vector of responses from each point a) amplitude resolution -fullwidth at halfmaximum for 22Na was measured at -15% with Nal detectors, 0.75" diameter, 3" long.
b) peak shift with counting rate -this was <2% for the range of cps to 300,000 cps.
c) timing resolution -using simple leading edge discrimination and a time-to-height converter, with a 22Na source this was -8 nsec fullwidth at half-maximum ( 16 nsec FW 0.1M).
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The basic elements of the detector module design are shown in Fig. 6 . A fast timing signal is taken from the anode of the PMT and an analog signal is obtained from the last dynode. The wave forms shown in the figure are typical for a source of 22Na with -1000 V applied to the PMT. The CD4016 is a COS/MOS bilaterial switch that is normally open but is closed by a time coincidence of the DS signals from the "A" and "B" detector banks, indicative of positron annihilation.
(VR=-2OmV) The basic logic contained on the digital card is shown in Fig. 7 . In Fig. 7(a) Additional features not shown in these circuit diagrams are the ability to override the >1 veto signal by the simple closure of a toggle switch. Also, by use of a toggle switch, the fast coincidence gate on the digital card may be converted to process single events.
Microprocessor Unit Design
The general configuration of the vpP unit used in PEBA is shown in Fig. 9 From the use of the theoretical developments in the companion paper and an observation of the matrices resulting from the calculations and the measurements, it has become.clear that the differences shown in Table 1 For images generated with 1600 events or more, the analysis shows: 1) window width is not important in determining position of a source for a fixed number of accepted events. Also, as long as the system matrices are generated in the same conditions of absorber and window widths as during data taking, accuracy in activity measurement is independent of window width.
2) the camera is significantly more accurate in the center and near center regions than at the edges for a fixed counting time and window width.
3) the system with point separation of 0.75 cm gives significantly worse accuracy than in the cases with Ax = 1 or 1.5 cm, for a fixed number of events.
The first result may be somewhat surprising, even bearing in mind that when a system matrix is generated with a given set of window and absorber conditions, the matrix already contains all the relevant Compton scattering information for detection under similar conditions. This result will be investigated further. The second result is quite understandable considering that fewer tubes are recording coincidences when the source is at the edges of the camera. The third result is a consequence of the higher condition number of of the matrices for Ax = 0.75 (between 6 and 7.7) than for Ax = 1, or 1.5 cm (between 1.7 and 2.6).
From the above study, we have fixed operating conditions for the camera in the presence of the water phantom as: 1) wide window (25 to 125% of photopeak centroid).
2) operate preferentially within ±2.5 cm of center.
3) use system points generated with Ax = 1 cm, With the above parameters and a short counting time, the mean error in position and activity at system points and the estimated standard deviation of the expected errors are given in Table 2 .
The mean errors should be near zero except for systematic errors. The standard deviations indicate that in 68% of independent measurements the error expected will be less than a, in 95% of measurements it will be less than 2L, etc. One of the principal uses of PEBA is the on-line determination of the end point of the trajectory of heavy ions during radiation therapy. Figure 11 shows a curve of relative energy deposited per unit length Several experiments have been conductei Bevalac in order to test the ability of PEBI trajectory endpoint, as well as isotope idei Figure 12 shows a schematic of the general used in the experiments. A beam of high-eni was collimated to a diameter of 1.58 cm (PEI meter of good positional accuracy is 2 cm) to enter an absorber bar positioned between detector banks, centered along the beam axi: the x = 0 point of PEBA at some determined I For the 12C beam corresponding to Fig. 11,  Fig. 13 shows a graph of end-of-range peak position and detected activity vs time as measured by PEBA.
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The horizontal axis is the x-coordinate of PEBA in cm.
Times T correspond to the beginning of a 50 sec countin water, ing period, each line representing a new period. The leon.
density of the image corresponds to activity detected.
The inserted values of x correspond to peak position. From the geometry of the specific experiment, the d at the Three-Dimensional Imaging
The initial computer simulations of threedimensional imaging showed that the detector configuration used for one-dimensional imaging resulted in optimal system points located irregularly in space. At the expense of some increase in condition numbers, a rectangular mesh of system points was made a requirement. The results of the simulations and the experimental observations have coincided in pointing at the weaknesses of the structure described by Figs. 1 and 2 and 4. 1) In vertical planes (x, y), independent sampling of lines parallel to the beam axis occurs at irregular intervals Ay and condition numbers become quite high as the sampled line is moved away from the y = 0 line. The dependence on the Z coordinate is also quite strong.
2) In horizontal planes (x, z), independent sampling of lines parallel to the beam axis is very scarce, since there are no tubes in the vertical direction to complete a structure which could approach a ring.
A better geometry which has been investigated for volume reconstruction is one in which the six detector modules of each bank are stacked horizontally on top of each other. Than by positioning the modules in the (x, y) plane as shown in Fig. 16 , we obtain sampling in x every 0.75 cm and in y every 1.75 cm, half of Ax and Ay shown in the figure, with no noticeable system matrix coupling in the vertical plane for a wide range of Z. Good uniformity in detector sensitivity for all the system points is observed except at the periphery of the rectangular region sampled.
A two-dimensional array of system points with NX = 9 (the number of x positions), Ax = 1, NY = 5, Ay = 1.75 cm has been investigated, covering an area of 8 xN 7 cm at Z = 0. A total of 16 x 16 detectors were placed in the configuration of Fig. 17 . The condition number of the matrix is 6.12 for a separation between planes of 20 cm and no absorber. In that configuration, the instrument consists virtually of 5 lines of sensitivity, parallel to the ion-beam axis, separated by 1.75 cm. For a point source traveling along the X-direction (ion-beam axis), the activity detected at a system point has a FWHM of 1.2 cm. Figure 17 shows schematically one picture element in relationship to the beam axis with the approximate form of the weighting functions which determine the response at a system point.
Preliminary imaging experiments with the 16 x 16 detector system and the set of system points described above have been carried out. The limit of usefulness of the configuration is illustrated by an experiment in which a beam of pure 'IC with a range of 10.8 cm in water and a total of approximately 107 particles per beam pulse was used to inject that isotope into a cylinder of lucite of 3 cm diameter. After one single beam pulse, the dose delivered was approximately four rads. The number of disintegrations per second for the injected bolus of the long halflife ''C is 5.6 x 10', corresponding to an activity of 150 nanoCi. In the configuration under study, the camera accepts approximately 200 counts/sec for a 1 uiCi source with an energy window between 20 and 115% of photopeak, and '100 counts/sec for a flat distributed 1 vCi source of the shape of the bolus injected in lucite. The injected bolus was expected to generate, therefore, only 15 counts/sec in the camera, which is what was actually observed experimentally. Figure 18 shows four consecutive images obtained with 1 sec counting after the single beam pulse irradiation. The nine system point positions in the horizontally axis and the five points in the vertical axis are shown. The lucite rod was placed along the lowest horizontal system line. With an average of only 15 counts, which can result from unscattered y-rays from the bolus, or from y-rays Compton scattered in the lucite bar or the detectors, fluctuations in position, activity detected and the appearance of fictitious activity in the image are problems. Nevertheless, a clear point of activity is detected with rather consistent position most of the time. The use of '1C for diagnostic work with humans is far from ideal, due to the long half-life of that isotope. With l9Ne (half-life = 18.2 secs), a similar bolus would generate 70 times more disintegrations per second and imaging would be considerably improved. A beam of '9Ne will be developed at the Bevalac in the near future.
The possibility of adding more vertical system planes at z / 0 is being investigated, although the absence of vertical detectors results in a strong coupling in the resulting matrices.
Work in both computer simulation and experimental measurements with PEBA is continuing in order to find the best way to high efficiency imaging in threedimensions for physiological studies with injected radioactive ion beams.
Concl usion This paper has reported on the design and initial performance data of the first version of an instrument that can determine the position of the trajectory end point of a heavy-ion beam during therapy or medical research with an accuracy of the order of 1 mm for counting times in the order of a few seconds. Using purely radioactive beams, the patient dose can be below one rad if the shorter lived position emitter isotopes are used. The instrument can also be used with some limitations, for volume activity reconstruction. This first instrument is now being used as a test bench for ideas and also for phantom and small animal experiments. It will soon be reconfigured into a more convenient mechanical unit for larger animal experiments and actual human irradiation control. Effort is continuing in the areas of optimum detector dimensions, material, packing and cluster location, on fast algorithms and system matrix generation procedures, display methods, including the concept of mathematical sweeping, and cost reduction, so that we can provide the best assistance to the Biomedical effort at LBL on cancer therapy and physiological studies
